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The  aerospace  industry  has  high  quality  requirements  for fabrication,  and  critically  monitors  manufac-
turing  processes  as well  as  inspecting  components  and  assemblies.  Electron  beam  welding  is  used  in  an
increasing  number  of quality  critical  applications  because  of  its  inherent  advantages  over  other  processes
especially  for  titanium.  Ensuring  the  beam  quality  is maintained  for such  applications  requires  probing
of  the  electron  beam  itself,  and  not  just  monitoring  of  process  parameters.  This  paper  gives  an  overview
of  the development  of a novel  two-slit  beam  probing  system  that  is  simpler  in  design  and  can  be usedlectron beam welding
robing
harp focus
uality assurance
for  high  power  welding  applications.  It has  been  found  that  within  the  EB  gun itself, small  changes  can
produce  large  enough  variations  in  beam  characteristics  to give  unpredictable  welding  or processing  per-
formance.  Precise  monitoring  of  these  beam  qualities  is  required  to improve  quality  assurance,  enable
the  transfer  of processing  between  EB machines  and  to  ensure  accurate  assessment  of  new  production
equipment.
© 2015  Published  by  Elsevier  B.V.. Introduction
Electron beam welding is widely used for high integrity fabri-
ation, particularly in industries such as aerospace. Electron beam
elding is a fusion welding process where a narrow beam of elec-
rons with high velocity is used to weld the two pieces of metals.
he work pieces melt as the kinetic energy of the electrons is trans-
ormed into heat upon impact. The welding is often carried out in
 vacuum to prevent dispersion of the electron beam (EWF, 2007),
nd to avoid oxidation of the high temperature metal. Due to the
igh energy density, it is capable of forming a deep and narrow
eyhole that results in deep and narrow welds. Houldcroft and
ohn (2001) found that electron beam welding machines are avail-
ble with up to 100 kW of power. According to Schultz (1994), the
iggest advantage of EBW is that it can weld steel plates as thin as
.5 mm and as thick as 300 mm in a single pass and that very high
elding speeds can be achieved with this technology.
Titanium or titanium alloys are the most widely used mate-ials in aerospace because of their high strength to weight ratio
nd excellent corrosion resistance. Also, as EBW is carried out in
acuum, the highly reactive molten or solid but hot titanium is
∗ Corresponding author at: College of Engineering Design and Physical Sciences,
runel University, Uxbridge, Middlesex UB8 3PH, UK. Tel.: +44 7506807199.
E-mail address: aman.kaur@brunel.ac.uk (A. Kaur).
ttp://dx.doi.org/10.1016/j.jmatprotec.2015.02.024
924-0136/© 2015 Published by Elsevier B.V.less susceptible to oxidation or contamination. To achieve nar-
row and deep penetration, it is essential to focus the beam on
the work piece very accurately. However, the focus position of the
beam in EBW is dependent on various parameters and the accu-
racy of the gun assembly. As described within AWS  (2004), the
focus in EBW is typically achieved by controlling the accelerating
voltage, beam current, focus coil current, vacuum levels in the gun
and in the chamber, and the working distance. These parameters
ﬁnally control the beam power density. Therefore, these param-
eters are tightly controlled in the welding process. In addition to
these parameters, the erosion of cathode over time, changes in the
alignment of various magnetic lenses, etc. may  also cause varia-
tions in beam power density. The surface focus of the beam at low
beam current levels is usually checked by machine operators prior
to carrying out welding. Elmer (2009) pointed out that this could
substantially vary from operator to operator and from machine to
machine. This observation was also reported by Giedt and Tallerico
(1988) where they found that there may  be ±20% to ±40% varia-
tions in the weld depth just due to manual focus adjustment by
different operators. Hence this method of identifying the surface
focus is very subjective. In contrast, it is essential in the aerospace
industry that the welds must be reliable, consistent and repro-
ducible. For example, in the case of aero-engine components, the
component value prior to welding can be as high as £100k, and con-
sequently the cost of rework or scrap due to welding defects can
be very high. This in turn demands a quality assurance method for
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of the minimum beam diameter in order to have a useful resolution
and raster sweeps of high accuracy and precision are required over
the pinhole.26 A. Kaur et al. / Journal of Materials P
BW machines that can be used immediately prior to welding the
omponents.
Various methods exist that guarantee the beam quality. Mcnabb
1969) suggested one of the classical methods is empirical tests on
est-pieces. It is a satisfactory method in many applications as it
rovides a near-binary test output i.e. ‘pass’ or ‘fail’. However, it
oes not assess the state of the machine in terms of relative tol-
rance of the process. If the test fails, the reason is not clear and
hus there is no indication for changing the process parameters
r machine set-up. It is a very time consuming method. Often, the
arts to be welded are very expensive especially in aerospace indus-
ry. Hence, this method is not ideal for production environments.
Beam probing techniques potentially offer both an assurance
f beam quality and reproducibility by measuring beam char-
cteristics like beam current, beam current density distribution,
eam-width, beam brightness, etc. The reproducibility of a beam
ith the same characteristics is essential for ensuring that the
achine performance is maintained and enabling the welding pro-
esses to be transferred from one machine to another. In this paper,
e will present the various probing methods developed over time
peciﬁcally for welding applications and development of the two-
lit probe at TWI.
. Fundamentals of beam probing
Sanderson and Adams (1970) found that for welding purposes,
he beam diameter at focus, beam energy density distribution and
he rate of convergence of the electron beam are the most impor-
ant beam parameters. Beam probing is generally carried out by
easuring the current carried by the beam – either the full beam
urrent or part of the beam. This can be measured in various ways.
The basic device used to measure the current of the charged par-
icle is a metallic conducting cup that collects the electrons of the
eam named a ‘Faraday Cup’ (FC) after Michael Faraday who ﬁrst
heorised ions around 1830. In the simplest form, a FC consists of a
onducting metallic cup that collects electrons in a vacuum and the
urrent can be detected by simply measuring the voltage produced
n a resistor connected between the cup and ground. Other than a
C, a metallic wire can also be used to measure part of the beam cur-
ent by passing the beam over the wire. The absorbed current by the
ire can be detected in terms of voltage produced across a resistor
onnected between the wire and ground. There are many variations
f FCs and wired systems used for the beam current measurements
n the literature covered in the following paragraphs.
As Wojcicki and Mladenov (2000) mentioned, the major prob-
em of measuring the current in this way, especially for high power
lectron beams, is that the beam current is concentrated in a very
mall area. If it is focused on a measuring device, it can damage it in a
ery short time. To overcome this problem, Sandstrom et al. (1970)
ave suggested that the measuring device should sample the elec-
ron beam with a very short duty cycle or it should be constructed
n a way to dissipate the high power density. The British Standard
nstitution (2013)’s standard no. ISO 14744-3 also suggests keep-
ng short measurement times with long cooling intervals or using
he water cooled Faraday cups to avoid the measurement errors
aused due to charged ion dissipation over the large fusion area of
araday cups while measuring high beam currents. Hence, most of
he methods available are based on short duty cycle sampling of
he beam. The methods used also depend on whether the sensor is
sed to measure the full beam current or part of the beam current
o characterise the beam features like beam width, current density
istribution, etc. These methods comprise the arrangements either
o deﬂect the beam over the sensing element or move the sensor
ver the beam at high speeds to capture the current it contains.
hese are the slit, pin-hole or rotary wire methods.Fig. 1. Schematic of a slit probing system.
2.1. Slit-probe method
As discussed by Nello (2001), in the slit probing method, the
beam is deﬂected over one or more narrow slits with very high
speed. The slit probe consists of a refractory metal plate through
which a small portion of the beam current passes as it is deﬂected
over the slit. This current is collected by the FC under the slit. The
schematic of a slit probing system is shown in Fig. 1. The beam
deﬂection can be achieved by manipulating the electrical current
through a set of magnetic coils at the end of the gun column. In
certain cases, the deﬂection coils can be attached to the end of the
gun column as part of a dedicated probing system. By adjusting the
deﬂection speed and magnitude the beam path can be adapted to
pass over the probe sensor.
This method of beam probing can be achieved using potentially
simple and compact hardware. This method also has good immu-
nity to electrical noise and signal degradation that can occur due to
back scattering, as the sensor is enclosed and shielded.
2.2. Pinhole probing method
The pinhole probing method is a similar technique to the slit
probe. However, instead of the slit, there is a small diameter pin-
hole. The electron beam is scanned in a raster over the hole as
shown in Fig. 2. The size of the pinhole is very small compared
to the smallest beam diameter. The pinhole size is a small fractionFig. 2. Schematic of a pinhole probing system.
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According to Nello (2001)’s review, because of the small hole
ize and the typical current density in processing beams, the voltage
ignal is very small and hence the ampliﬁcation of the signals is
sually required. Also, there is a possibility of the hole either to
e blocked by debris, resulting in a loss of signal and variation in
urrent measured, or for the hole edges to be melted by the beam,
eading to a decreased resolution.
.3. Rotary wire probing method
Sanderson and Adams (1970) designed a rotary wire probe. The
otary wire probing method utilises one or more refractory metal
ires that are mounted on an arm which is rotated at high speed
hrough the electron beam. Fig. 3 shows a rotary wire probing sys-
em with multiple wires. The current signal picked up by the wires
ives qualitative information regarding the shape and current dis-
ribution of the beam and quantitively measures the beam width.
he limiting factors for beams of high power/intensity are the wire
iameter, the wire sweep speed, and the thermal duty cycle applied
o the wires. In a vacuum, relatively high wire sweep speeds are pos-
ible without a high power drive motor. However, the wires see a
elatively high duty cycle even with as long an arm as practical, and
ypical welding beams begin to damage and then sever the wires
t powers of 30 kW or less.
The primary advantage of this technique lies in its simplicity
nd versatility; almost any EB machine can accommodate this type
f device since high speed beam deﬂection is not required. But on
he other hand, multiple wires have to be taken out of the chamber
or the measurement, i.e. for the signal and the motor drive, which
ight not be possible in all the machines.
A disadvantage of this technique is that the probe is relatively
arge, so this may  prohibit routine probing immediately prior to
elding or other processing, especially in small chambers. An addi-
ional issue is that prior to signiﬁcant wire damage, some positive
ons may  be released, giving a potentially misleading signal from
ore intense beams. In addition, a signiﬁcant proportion of the
lectrons incident on the probe wires are lost by back scattering
nd therefore, the device cannot be used in a quantitative manner
egarding current levels. Nevertheless it remains a very useful tool.
. Progression of beam probing systems
The above mentioned beam probing methods can be used in
ombinations or with different modiﬁcations to the basic designs.
rudnikov et al. (1974) discussed the design features and char-
cteristics of a device based on scanning the beam with a thin
etal probe to determine the beam proﬁle and position of charged wire probing system.
particles. The wire probing system was also used by Ragheb and
Zakhary (2000) to study the variations of beam current, beam
perveance, beam proﬁle and beam emittance with the extracting
voltage. Dilthey et al. (1997) presented the DIABEAM system that
uses a pinhole diaphragm for estimating the beam power density
distribution along with two parallel slits to evaluate the deﬂection
speed. Dilthey et al. (2001), in their new system, a rotating probe
has also been included as a part of the system to take into account
effects on measurement of power density distribution due to the
metal ions. However, a disadvantage of using slits or the rotating
wire methods is that they carry out the measurements only in one
axis.
Berte and Legrand (1981) used a matrix or array of m × n con-
ducting elements to measure the current density of a beam of
charged particles. The conducting elements of cylindrical shape
were used to collect the charged particles. With this design of the
probe, it was  possible to display the current density of the beam
at different points of its cross-section simultaneously. Darling et al.
(2005) also developed a FC Detector Array (FCDA) by utilising the
advanced micro-fabrication techniques used in mass spectrome-
ters. Their design was based on the requirements that the FCDA
must have a ﬁne pitch of less than a mm from cup-to-cup, have a
high ﬁll factor, the connections between cups and electronic cir-
cuitry must be low leakage paths, and the cups must exhibit a
high aspect ratio i.e. being much deeper than wider to reduce the
emission of reﬂected or secondary electrons.
In the case of a circular beam that is parallel to the leading edge
of the FC, a standard FC design can give good results. However, for
shapes other than the circular e.g. strip shaped beams, the beam
parameters cannot be measured accurately. Also, Hayafuji (1986)
found that when beams scanned over a FC were not parallel to the
leading edge or if the size of the strip cross section was bigger than
the opening of the FC, the results obtained were not accurate. He
developed a device that consisted of a number of cups spaced along
the length of the cross section of the beam to measure the current
distribution in that direction.
Hicken et al. (1991), developed a narrow-slit FC using two  tung-
sten plates mounted on a top of a copper body. The beam was
deﬂected over the plate and the variation of current ﬂow through
the slit was measured as a measure of the current density distribu-
tion in the beam. This method was  quite useful for circular beams.
For measuring the beam proﬁles of irregular shaped beams, Elmer
et al. (1996), used the FC with slit, naming it the Modiﬁed Fara-
day Cup (MFC). The beam was  moved across the slit several times
and the collected current recorded using an oscilloscope. Then, the
cup was  moved to other locations using the stepper motors and
same procedure repeated to get the information of beam current at
2 rocessing Technology 221 (2015) 225–232
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The signal represents the sequence as follows:
(a) Beam ﬁrst contacts the probe ﬁnger.
a db e28 A. Kaur et al. / Journal of Materials P
ifferent locations. These measurements were then used to recon-
truct the waveforms using a tomographic technique to produce
he surface plots of the power density distribution of the electron
eam. Elmer et al. (1993) have also compared the performance of
ibbon shaped and hairpin shaped ﬁlaments with regard to their
eak power density and power density distributions.
Giedt and Campiotti (1996) developed an electron beam focus-
ng system using a 4-slit beam trap over the FC for measuring the
iameter of the beam. The beam was swept over the detector and a
inimum of two slits data were required to determine the proﬁle
f the beam current. The beam trap also had a hole in the centre,
f a size bigger than the size of the beam to measure the peak cur-
ent. The focusing system included a digital storage oscilloscope
o digitise and store the data that was used to calculate the beam
roﬁle. This information was used to control the focus coil currents
utomatically. Elmer and Teruya (1998) developed a fast method
or measuring the power density distribution of an electron beam
sing a refractory metal disc based on the above concepts. The disc
ad 17 radial slits evenly spaced. Instead of moving the cup to dif-
erent locations, the beam was deﬂected over the disc in circular
attern to get the current information.
Elmer and Teruya (2001) presented an improved design of MFC
o overcome the sources of error in their previous design and named
t the Enhanced Modiﬁed Faraday Cup (EMFC). They observed the
ncomplete electron capture and signal degradation with repeated
se of MFC. Several modiﬁcations were made to the previous design
ncluding adding another slit disc of copper over the internal FC, a
eam trap inside the FC, a graphite ring below the copper slit disc
nd a graphite disc below the beam trap to reduce the number
f backscattered electrons, and the improvement of the ground-
ng between tungsten slit disc and outer copper body. They also
hanged the method of detecting the orientation of beam by replac-
ng the double width with one slit at a wider angle. Similar systems
ave been used for characterising high power beams by introducing
light modiﬁcations to this design e.g. Elmer et al. (2008) modiﬁed
he device by providing a heat sink in close proximity to the FC com-
onents and active cooling system using water to keep the system
rom over-heating.
Peng et al. (2011) developed a quality test system that includes
he control module, the sensor module, and the driver module
nd analysis software based on high speed Complex Programmable
ogic Device (CPLD). The developed system was based on a pinhole
ith a FC. They called it a four-dimensional system where the fourth
imension basically includes the variations of the power density
istributions over different working distances. There is also evi-
ence of using the imaging system with a slit method used by Yang
t al. (2011) for the determination of electron beam density. The
mages were captured by a Charged Coupled Device (CCD) camera
laced below the slit that was sensitive to both X-rays and longer
avelength photons up to visible.
Other than the beam parameters mentioned earlier, beam
mittance is also considered as an important parameter which
epresents the angular distribution of the electron trajectories. A
eview of the emittance measurement methods and devices has
een presented by Koleva et al. (2014) along with the extension of
omographic technique used with EMFC to measure emittance.
. Development of a two-slit electron beam probe
The two-slit probe has been designed comprising of two slit
robing ﬁngers perpendicular to each other, taking into consider-
tion the limitations of other existing types of beam probing. The
otary probe needs too many electrical feed-through connections
o make it versatile for multi machine activities. Moreover, it is
ery delicate and needs motors to rotate it at very high speeds. TheFig. 4. Construction of the two slit probe.
Reproduced by permission of TWI  Ltd.
pinhole probing system demands for very precise scanning of the
beam over the pinhole in X and Y directions. Palmer et al. (2011)
also suggested that the pinhole based systems inherently suffer
from low signal-to-noise ratio. In addition to this, though pin-hole
systems provide a comprehensive analysis of the beam character-
istics, it is harder to interpret the pinhole data. The limitation of the
EMFC with multiple slits is that it is restricted to beams of power up
to approximately 10 kW.  A standard single slit probe provides data
in one direction at a time and needs to be re-orientated to acquire
data in both the X and Y directions.
The two slit probe consists of refractory metal slits through
which a small portion of the beam current passes as the beam is
deﬂected over it. As the beam crosses over the slits, the electrons
passing through the slits are captured underneath by a Faraday cup
and converted into a corresponding voltage signal through a resis-
tor. In this design, the detector element i.e. the Faraday cup is fully
enclosed and only receives a small portion of the beam power. This
results in less signal degradation due to electrical noise pickup, ion
emission, secondary electron emission and electron backscatter.
Typically, the slit width that has been used is 0.1 mm.  Depend-
ing on the requirements, smaller slit widths can also be used. For
the data analysis, the earlier units were based on oscilloscopes but
more recently PC based data capture systems have been used with
sophisticated analysis software. This facilitates representation of
the data in various forms that can be customised depending on
users’ needs. The new probe also includes a Faraday cup to mea-
sure the full beam current. The construction of the two-slit probe
is as shown in Fig. 4.
The beam is deﬂected over the X probe, Faraday cup and Y probe
to acquire the data related to the electron beam. A typical signal
received as the beam passes over one slit probe ﬁnger is as shown
in Fig. 5.c
Fig. 5. A typical signal from the slit ﬁnger.
Reproduced by permission of TWI  Ltd.
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b) Beam ﬁrst contacts slit. First part of beam shape signal is gen-
erated.
(c) Most intense part of beam is over slit. Peak beam shape signal
is generated.
d) Beam last contacts the slit. Last part of beam shape signal is
generated.
e) Beam’s last contact with probe ﬁnger.
As the ﬁnger width is constant, hence from the time informa-
ion between points ‘a’ and ‘e’, the speed of the beam scan signal
an be veriﬁed. This signal is further analysed in the software and
he extracted information can be represented in various forms. The
oftware is capable of providing the sharp focus point, beam proﬁle,
eam asymmetry, the beam diameter and the full beam current. By
unning a focus sweep over a range and acquiring the X and Y data,
he beam envelop can be measured (Fig. 6). The complete traces of
 or Y over focus sweep can be seen in a single window for com-
arison or seeing the trends (Fig. 7). Also, by measuring the beam
roﬁles at focus at different working distances the brightness of the
eam can also be determined.
The two slit probe has been used extensively for both research
ork and in production; one of the systems has been installed at
n aerospace production facility and has been used as a QA tool
n welding applications for more than two years. Two versions of
he probing system have been experimented on. One that uses
he beam deﬂection of the EB machine, where with an electrical
nterface, deﬂection can be controlled by the probing system, and
he other is a standalone system that incorporates its own  inde-
endent deﬂection system. The probing system has been used for
haracterising electron beam guns, for transferring welding param-
ters from one machine to other and as a QA tool in the production
nvironment for sharp focus settings and other diagnostics.
Fig. 7. 2D representation of multiple traces over a focus sweep.
eproduced by permission of TWI  Ltd.ing Technology 221 (2015) 225–232 229
Laboratory experiments have been conducted using the two-slit
probe over a focus sweep whilst welding 25 mm thick grade S420
C-Mn steel. The EB machine used for this purpose was capable of
producing 100 kW,  150 V electron beam. The machine was  ﬁtted
with a beam deﬂection system which could be used to enhance
weld quality via circular beam deﬂection. In this work no deﬂection
was used during welding in order to give the best possible correla-
tion of beam quality to weld quality without introducing additional
parameters.
During the trials, some parameters were ﬁxed while others
were varied in order to see the trends in probing system out-
put and the resulting weld quality to variation. The accelerating
voltage, beam current, welding speed, working distance and the
vacuum levels were ﬁxed at 150 kV, 50 mA,  500 mm/min, 230 mm
and 7.5 × 10−4 mbar, respectively. The focus setting was  changed
from sharp focus at 1.57 A to 1.62 A in increments of 0.005 A.
For each setting over the focus range, the beam data was  cap-
tured through the probing system and the welds were made. Welds
were sectioned at mid-length and a metallographic section pre-
pared to a micro ﬁnish. The weld penetration and mid-section
width were measured by optical microscopy, using a dimensional
inspection function within the microscope’s software.
The resulting weld metallographic sections, alongside the cor-
responding probe data traces are shown in Fig. 8.
5. Discussion
The results from the above experimentation are discussed here.
Fig. 9 shows the X axis probe traces for the 11 different focus settings
overlaid to give an appreciation of the change in power density
proﬁle distribution over the range tested for the beam in this axis.
It can be seen that the change in beam proﬁle is measurable but
also, by comparison with Fig. 8, that relatively minor changes in
proﬁle give rise to variation in fusion zone proﬁle.
Fig. 10 shows the beam peak intensity and weld penetration in
graphic format relative to focus settings. It is evident that the effec-
tive beam peak intensity at the work surface increases at surface
focus and then reduces either side towards sharp focus and over
focus settings. The impact on weld penetration is clear, with the
least penetration measured in welds made at over focus settings
and the most penetration occurring at sharp focus. This is in line
with established EB welding practice, where it is well known that
penetration depth increases as focus position is lowered though
thickness into the plate, to sharp focus. In this case, the difference
in weld penetration depth is nominally 2 mm over the focus setting
sweep.
Fig. 11 shows a similar graph where beam width at FWHM is dis-
played alongside weld penetration and focus settings. Comparison
of Figs. 10 and 11 shows that as the beam peak intensity reaches a
maximum, through the focus setting sweep, the beam FWHM value
reaches a minimum. Effectively the probe data shows the beam
width to have narrowed and then widened again passing through
focus, as would be expected.
In addition to the above, various methods and devices for elec-
tron beam characterisation have been described in this paper. The
comparison of three main devices available commercially has been
carried out (Table 1).
The two slit probe provides beam proﬁling for focus sweep,
whereas the pin-hole probe and multi-slit probe can also provide
a current density distribution map  of the beam spot. Though the
two-slit probe does not provide the complete current density distri-
bution, however, the information it provides gives a good indication
of the variations in the gun parameters required for the welding
application where the keyhole is moving in the welding direction.
The probe can detect if the beam shape is circular or elliptical with
230 A. Kaur et al. / Journal of Materials Processing Technology 221 (2015) 225–232
Fig. 8. Weld metallographic sections alongside the corresponding probe data traces.
Reproduced by permission of TWI  Ltd.
Fig. 9. Probe traces for the 11 different focus settings.
Reproduced by permission of TWI  Ltd.
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the exception being when the ellipse major axis is at 45◦ to the
probe slits. The processing of the data is faster that saves on the
production time. The probe can be installed in the chamber perma-
nently and needs very less maintenance. At high power operation
the two  slit probe does not require a thermal management system
or active cooling in contrast to other systems. In two slit probes,
most of the time the beam is placed on the beam dump and is
deﬂected on the slits only during the very short periods of mea-
surement and hence its heat input is minimal and does not damage
the slit surfaces. This could be a very useful feature of the system
when it is to be used in hot cells in the nuclear industry where the
disposal of spent probe components is very critical, due to their
activity.
Calibration is an important issue associated with these kinds of
systems. Especially, in a production environment in aerospace or
nuclear applications, the system should be capable of permanent
installation in the chamber and have the facilities to calibrate time-
to-time externally without removing from the existing installation.
The methods for auto calibration or auto adjustment can address
these problems.
Further work on the two slit probing system is being carried out
to enhance its capabilities in terms of providing more parametrical
information from the data acquired from the probing system that
can be useful for welding and other applications. This will require
development of various signal processing algorithms. Preliminary
work is being carried out under a research programme to com-
pare the trends in variations in the beam measurements with weld
shapes. Detailed statistical analysis of the existing production data
is underway to understand the relations between the variations in
the probing data and gun parameters.
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Fig. 11. Beam width at FWHM is displayed alongside weld penetration and focus settings.
Reproduced by permission of TWI  Ltd.
Table 1
Comparison of commercially available electron beam probing systems for welding.
Feature Multi-slit probe (Enhanced
Modiﬁed Faraday Cup)
Pin-hole probe (DIABEAM) Two-slit probe
Max. power 10 kWa 30 kWc 40 kWe
Resolution 100 mb 20 md 50 me
Scanning pattern Circular Raster Triangular
Complexity Simpler scan pattern that
might not need any
modiﬁcations to the gun
deﬂection system.
High frequency and precise
scanning. Specialised scanning.
Medium frequency scanning.
Modiﬁcations in gun deﬂection
system to generate the pattern
may  be required.
Measurement data
information
Reconstruct the power density
distribution map of the beam.
Two  beam diameters at FWHM
and FWe2.
Measures the power density
distribution of the beam
directly. Five beam diameters
at 10%, 30%, 50%, 70% and 90%.
Measures the beam proﬁle for
focus sweep, speed of
deﬂection, beam diameter at
FWHM.
a Elmer et al. (2008).
b Elmer and Teruya (2001).
6
t
p
•
•
•
•
•
•
•c Reisgen et al. (2014).
d Dilthey et al. (2001).
e Dack and Nunn (2013).
. Conclusions
A number of different EB probe devices have been developed
o enable measurement of electron beam characteristics and to
rovide enhanced quality assurance.
In this study, a detailed survey of probing systems has been car-
ried out for welding applications.
The development of a two-slit probing system has been pre-
sented.
The key features and limitations of two-slit probe have been
examined with respect to other available system.
The EMFC and DIABEAM devices can provide detailed information
regarding the power density distribution of the beam. These are,
however, limited to lower beam powers of 10–30 kW.
The two-slit probe provides limited information about the power
density distribution, but is capable of measuring high beam pow-
ers up to 40 kW.
The DIABEAM probing system requires high frequency and pre-
cise scanning whereas the two-slit probing system work on
simpler and low frequency scanning pattern.
The sensing element for DIABEAM and EMFC must be regularly
replaced to maintain device performance.Acknowledgements
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